Introduction
============

The final diagnosis of obstructive coronary artery disease is made by invasive coronary angiography.[@ref1] Coronary angiography has the advantages of allowing simultaneous coronary stenting and planning of coronary artery bypass grafting. Evidence from the United States[@ref2] and Europe,[@ref3] however, suggests that invasive coronary angiography has low diagnostic yield, indicating potential overuse, and also rare but possibly life threatening complications.[@ref4] [@ref5] Computed tomography (CT) is the most accurate non-invasive test for the diagnosis of coronary artery disease.[@ref6] The greatest clinical value of cardiac CT may be its ability to reliably rule out obstructive coronary artery disease in patients with atypical presentation and thus with a low-to-intermediate pretest probability of disease.[@ref7] [@ref8]

In a large multicentre US trial, CT did not improve clinical outcomes compared with functional testing,[@ref9] whereas in the large SCOT-Heart (Scottish COmputed Tomography of the HEART) trial in rapid access chest pain clinics,[@ref10] CT used for diagnosis and management decisions was found to possibly reduce myocardial infarction on follow-up of patients with recent onset angina.[@ref11] CT may also lead to fewer angina symptoms, downstream testing, and costs, while increasing exposure to radiation in patients with stable angina compared with functional testing.[@ref12] However, no study has analysed the effectiveness of CT in a randomised comparison with coronary angiography.[@ref13]

We investigated the comparative effectiveness of cardiac CT and coronary angiography in patients with suspected coronary artery disease and atypical angina or chest pain who were clinically referred for coronary angiography. We assessed the impact of CT on procedural complications, diagnostic yield of invasive coronary angiography, length of stay, radiation dose, long term clinical outcomes, and patient acceptance.

Methods
=======

Study design and patients
-------------------------

This study (Coronary Artery Disease Management, CAD-Man) was a prospective randomised single centre clinical investigation of CT and coronary angiography. It was conducted and is reported in accordance with the Consolidated Standards of Reporting Trials (CONSORT) guidelines for non-drug trials.[@ref14] [@ref15] From 18 February 2009 to 27 August 2015 we approached consecutive patients presenting during working days from 7 30 am until 4 pm with suspected coronary artery disease and a clinical indication for coronary angiography on the basis of atypical presentation for study participation. Atypical presentation was defined as the presence of a maximum of two of the three criteria for typical angina pectoris (retrosternal chest discomfort, precipitation by exertion, and prompt relief within 30 seconds to 10 minutes by rest or nitroglycerine) using a clinically relevant classification of chest discomfort.[@ref16] We used the Duke clinical score to assess the pretest probability of coronary artery disease.[@ref17] Patients were excluded according to the study protocol (see appendix A) if they had two positive test results for ischaemia, were not in sinus rhythm, had signs of myocardial infarction (persistent ST segment elevation, creatine phosphokinase-MB \>24 U/L, or pulmonary oedema due to ischaemia), refused or were incapable of providing informed consent, could not hold their breath for five seconds, were aged less than 30 years, or had a history of or were receiving dialysis.

Study procedures
----------------

We randomly assigned patients with suspected coronary artery disease to CT, followed by coronary angiography if positive for obstructive coronary artery disease, or to direct coronary angiography. In both tests, obstructive coronary artery disease was defined as at least one 50% diameter stenosis in the left main coronary artery or at least one 70% diameter stenosis in other coronary arteries. Stenosis diameters were assessed as described.[@ref18] Patients with suspected obstructive coronary artery disease in the CT group subsequently underwent late enhancement magnetic resonance imaging as described[@ref19] to identify those with more than 50% transmural extent of non-viable myocardium in the area supplied by a stenosed artery and thus considered unlikely to benefit from revascularisation.[@ref20] Patients with non-calcified coronary plaques on CT were recommended for intensified risk factor modification and statin treatment[@ref21] as this management might reduce cardiovascular death and myocardial infarction.[@ref22] Patients randomised to coronary angiography underwent this test according to clinical practice at our institution, and the findings guided subsequent guideline based management.[@ref23]

CT and coronary angiography protocol
------------------------------------

Cardiac CT was performed and evaluated as described.[@ref24] Images were evaluated by two independent readers, of whom at least one was a board certified radiologist (MD, MR, EZ) and, as in routine clinical practice, decisions were made by consensus. In patients with heart rates up to 65 bpm, 320 row coronary CT angiography enabled reconstruction windows of 175 msec (Aquilion ONE, Toshiba Medical Systems, 121 patients) or 137.5 msec (Aquilion ONE Vision Edition, 44 patients). In patients with heart rates of at least 65 bpm, temporal resolution was improved by two beat acquisition in 23 patients and three beat acquisition in two patients.[@ref25] Coronary calcium scoring was used to individually adjust the acquisition length of CT angiography,[@ref26] [@ref27] but was not used to defer CT angiography because up to 19% of patients with symptoms and zero calcium scores might have obstructive coronary artery disease.[@ref28] Coronary angiography was performed as in clinical practice in our institution after hospital admission. A vascular closure device was used in 64 of the 186 coronary angiographies.

Primary and secondary outcomes
------------------------------

The planned primary outcome was major procedural complications occurring within 48 hours of the last procedure related to CT or to coronary angiography and analysis was at individual patient level. The occurrence of procedural complications was checked during visits 24 and 48 hours after the last related procedure. Major procedural complications were a composite endpoint and included death, stroke, myocardial infarction, or other major complications prolonging the in-hospital stay by at least 24 hours. Minor procedural complications occurring within 48 hours of the last procedure related to CT or coronary angiography did not fulfil these criteria and were added to the comparison. A planned secondary outcome was comparison of length of stay between the two groups. We also assessed overall exposure to radiation in both study groups as a planned secondary outcome using dose-length products and dose-area products, which were converted using factors of 0.017 mSv/mGy×cm for CT[@ref29] and 0.22 mSv/cGy×cm² for coronary angiography.[@ref30] Radiation dose in the coronary angiography group included dose of percutaneous coronary intervention if done. Radiation dose in the CT group included the effective dose of CT and coronary angiography and/or percutaneous coronary intervention if performed. In addition, we evaluated the diagnostic yield of coronary angiography, defined as the proportion of obstructive coronary artery disease found in both groups by coronary angiography, and we added the reduction in need for coronary angiography in the CT group over time---with a maximum follow-up to 16 August 2016---to the analysis on request during the review process. As a secondary outcome, long term clinical events (major adverse cardiovascular events (MACE), defined as a composite endpoint of myocardial infarction, cardiac death, stroke, unstable angina pectoris, or re-revascularisation or first revascularisation) were recorded with a maximum follow-up to 16 August 2016. Re-revascularisation or first revascularisation was recorded only if occurring more than two months after randomisation.[@ref31] We obtained patients' acceptance and preference of the procedures using a previously validated questionnaire.[@ref32] See appendix A for details of the study protocol, including all planned primary and secondary objectives and changes to the study protocol.

Randomisation and outcome assessment
------------------------------------

Patients were randomised to CT or coronary angiography if a clinical referral to coronary angiography and all inclusion criteria were met. Randomisation was by a computer generated list (nQuery 7.0; Statistical Solutions, Cork, Republic of Ireland) using sequentially numbered, opaque and sealed envelopes, which were opened just before allocation to the intervention.[@ref14] Investigators and participants were blinded to the randomisation sequence but could not be blinded to the assigned group because of the apparent differences between CT and coronary angiography. Independent investigators who were blinded to the randomisation group and were not part of the study team anonymously assessed outcomes.

Statistical analysis
--------------------

As outlined in chapter 11 of the study protocol, we expected procedural complications of 15% in the coronary angiography group and 5% in the CT group (see appendix A). We considered a reduction in procedural complications by a factor of three to be relevant from a clinical perspective. Overall, we needed 160 patients in each group to detect these differences, with 80% power at a two sided α significance level of 0.05 using a χ^2^ test with correction for continuity (nQuery Advisor 7.0, Statistical Solutions, Cork, Republic of Ireland). With a conservatively estimated drop-out rate of 5%, we randomised 340 patients.

Using a χ^2^ test we evaluated the primary outcome, procedural complications, in the entire intention to treat population, retaining participants in their originally assigned groups after excluding those who withdrew consent after randomisation. Secondary outcomes were evaluated using χ^2^ or t tests; length of stay and exposure to radiation were compared using a Wilcoxon rank-sum test; time to first MACE during long term follow-up was analysed using the Cox proportional-hazards model[@ref33]; and the need for, possibly multiple, coronary angiography over time was compared using Poisson regression with offset observation time. We performed all comparisons using two sided significance tests; SPSS software, version 20.0, and SAS software, version 9.4 (Poisson regression) was used for statistical analysis.

Patient involvement
-------------------

No patients were involved in setting the research question or the outcome measure, nor were they involved in developing plans for design or implementation of the study. All patients included in the study were asked how they experienced the diagnostic tests and to make suggestions about further improvements. The results of the research will be reported to the study participants, and the DISCHARGE (Diagnostic Imaging Strategies for Patients with Stable Chest Pain and Intermediate Risk of Coronary Artery Disease: Comparative Effectiveness Research of Existing Technologies) trial team[@ref34] will consider them in planning the analysis of this multicentre effort together with patient representatives at all sites.

Results
=======

Study population
----------------

During the study period, 739 patients with suspected coronary artery disease and an indication for coronary angiography based on atypical angina or chest pain were referred to our centre and were potentially eligible for study participation (fig 1[](#f1){ref-type="fig"}). A total of 144 patients were excluded, mostly because of two positive test results for ischaemia (67 patients) and atrial fibrillation (32 patients). The prevalence of coronary artery disease among the 144 patients with exclusion criteria was higher than in the final study population (see supplementary table 1 in appendix B). Overall, 255 of the 549 eligible patients were not randomised, mainly because of exclusion by clinicians (n=144), logistical problems (n=45), and patients declining to give consent (n=37). The prevalence of coronary artery disease among the 255 eligible patients not randomised was not significantly different from the final study population (see supplementary table 1 in appendix B). Overall, 340 patients with a pretest probability of coronary artery disease of 34.6% (SD 23.5%) were randomised to CT or coronary angiography (fig 1[](#f1){ref-type="fig"}). Of the 168 patients assigned to the CT group, one withdrew informed consent and two underwent coronary angiography per clinician request. Ten of the 172 patients randomised to coronary angiography withdrew informed consent for participation in the study. Altogether, 167 and 162 patients with complete follow-up 48 hours after the last procedure related to CT or coronary angiography were available for the primary outcome analysis in the CT and coronary angiography group, respectively (fig 1[](#f1){ref-type="fig"}).

![**Fig 1** Flowchart of patients through the study. ECG=electrocardiography; MRI=magnetic resonance imaging; CT=computed tomography](dewm033661.f1_default){#f1}

Patient characteristics
-----------------------

Patients had a mean age of 60.4 years (SD 11.4 years) and 50% were women (table 1[](#tbl1){ref-type="table"}). Most patients had moderate cardiovascular risk profiles and either atypical angina pectoris or non-anginal chest pain. Among the 329 patients available for analysis, the prevalence of obstructive coronary artery disease defined by the last examination was 13% (fig 1[](#f1){ref-type="fig"}), which was relevantly lower than suggested by the 34.3% (SD 23.4%) pretest probability. The true positive rate of functional tests performed within six months before randomisation was 14% and 20% (table 1[](#tbl1){ref-type="table"}). In the CT group, coronary angiography was used for determining prevalence in 24 patients. All CT examinations were deemed interpretable by both readers. Magnetic resonance imaging was conducted before coronary angiography in 17 of the 20 patients with a diagnosis of obstructive coronary artery disease by CT, whereas three patients underwent coronary angiography directly owing to metal implants (n=1) or claustrophobia (n=2). The 17 patients who underwent magnetic resonance imaging had at least 50% viable tissue in myocardial regions supplied by stenotic coronary arteries so that coronary angiography was not deferred. The median interval between CT and coronary angiography in the 22 patients who underwent both procedures (fig 1[](#f1){ref-type="fig"}) was 47 hours (interquartile range 18.7-91.6). Obstructive coronary artery disease was excluded in 88.6% of patients in the CT group (149 of 167) and 84.6% (137 of 162) in the coronary angiography group (P=0.28; fig 1[](#f1){ref-type="fig"}).

###### 

Baseline characteristics of patients with an intermediate probability of coronary artery disease assigned to computed tomography or coronary angiography. Values are means (SDs) unless stated otherwise\*

  Characteristics                                                      Computed tomography (n=167)   Coronary angiography (n=162)
  -------------------------------------------------------------------- ----------------------------- ------------------------------
  Age (years)                                                          60.4 (11.3)                   60.4 (11.4)
  No (%) of women                                                      88 (52.7)                     78 (48.1)
  No (%) with atypical chest discomfort†‡:                                                           
   Atypical angina                                                     65 (38.9)                     79 (48.8)
   Non-anginal chest pain                                              97 (58.1)                     80 (49.4)
   Other chest discomfort                                              5 (3.0)                       3 (1.8)
  No (%) with discomfort relief by nitroglycerine or rest              20 (12.0)                     29 (18.0)
  Pretest probability of coronary artery disease:                      31.3 (21.1)                   37.3 (24.8)
   No (%) with pretest probability of coronary artery disease \<10%    19 (11.4)                     25 (15.4)
    Coronary artery disease by final examination                       1 (5.3)                       1 (4.0)
   No (%) with pretest probability of coronary artery disease 10-60%   124 (74.2)                    98 (60.5)
    Coronary artery disease by final examination                       9 (7.2)                       11(11.2)
   No (%) with pretest probability of coronary artery disease \>60%    24 (14.4)                     39 (24.1)
    Coronary artery disease by final examination                       8 (33.3)                      13 (33.3)
  Hospital admission status at time of randomisation:                                                
   No (%) of inpatients                                                92 (55.1)                     94 (58.0)
   No (%) of outpatients                                               75 (44.9)                     68 (42.0)
  Functional tests within 6 months before randomisation:                                             
   No (%) of positive functional test before randomisation             43 (25.7)                     45 (27.7)
    Coronary artery disease by final examination                       6 (14.0)                      9 (20.0)
    No (%) of positive exercise electrocardiograms                     33 (76.7)                     40 (88.8)
     Coronary artery disease by final examination                      5 (15.2)                      9 (22.5)
    No (%) of positive single photon emission CTs                      7 (16.3)                      2 (4.4)
     Coronary artery disease by final examination                      0 (0)                         0 (0)
    No (%) of positive stress echocardiographies                       3 (7.0)                       3 (6.6)
     Coronary artery disease by final examination                      1 (33.3)                      0 (0)
   No (%) of negative functional tests before randomisation            41 (24.5)                     47 (29.0)
    Coronary artery disease by final examination                       4 (9.7)                       4 (8.5)
    No (%) of negative exercise electrocardiograms                     34 (82.9)                     40 (85.1)
     Coronary artery disease by final examination                      4 (11.8)                      3 (7.5)
    No (%) of negative single photon emission CTs                      2 (4.9)                       4 (8.5)
     Coronary artery disease by final examination                      0 (0)                         0 (0)
    No (%) of negative stress echocardiographies                       5 (12.2)                      6 (12.8)
     Coronary artery disease by final examination                      0                             1 (16.6)
   No (%) without functional test before randomisation                 83 (49.7)                     70 (43.2)
    Coronary artery disease by final examination                       8 (9.6)                       12 (17.1)
  Cardiovascular risk factors:                                                                       
   Body mass index                                                     27.5 (4.7)                    27.0 (4.6)
   No (%) of smokers                                                   41 (24.5)                     34 (21.0)
   No (%) of former smokers                                            47 (28.1)                     51 (31.5)
   Average pack years for smokers and former smokers                   19.5 (14.0)                   20.0 (17.1)
   No (%) with hyperlipidaemia                                         95 (56.9)                     81 (51.0)
   No (%) with arterial hypertension                                   111 (66.5)                    112 (69.1)
   No (%) with diabetes mellitus                                       15 (9.0)                      30 (18.5)
  No (%) with cardiovascular drugs:                                                                  
   Chronic statin intake                                               42 (25.1)                     41 (25.3)
   Acetylsalicylic acid intake                                         47 (28.1)                     41 (25.3)
   Chronic β blocker intake                                            70 (41.9)                     71 (43.8)
   Insulin treatment                                                   3 (1.8)                       3 (1.8)
   Oral antidiabetes treatment                                         11 (6.6)                      17 (10.5)
  No (%) with cardiovascular medical history:                                                        
   Family history of premature coronary artery disease§                24 (14.4)                     16 (9.9)
   Stroke                                                              8 (4.8)                       7 (4.3)
   Peripheral artery disease                                           2 (1.2)                       0 (0)
   Carotid artery disease                                              9 (5.4)                       10 (6.2)

\*Proportions might not total 100% owing to rounding. The only notable difference between the groups was for pretest probability, which was higher in the coronary angiography group, and for diabetes, which was more common in the coronary angiography group.

†Atypical chest discomfort was an inclusion criterion and was defined as presence of a maximum of two of three criteria for typical angina pectoris (retrosternal chest discomfort, precipitation by exertion, and prompt relief within 30 seconds to 10 minutes by rest or nitroglycerine) as defined by Diamond.[@ref16] Therefore, patients with atypical angina (two of three criteria), non-anginal chest pain (one of three criteria), or other chest discomfort (no criteria) could be included.

‡Unstable angina[@ref35] was not present in any patient with atypical presentation.

§Premature coronary artery disease was considered if a first degree relative, before age 55 years in male relatives and before 65 years in female relatives, experienced a fatal or non-fatal myocardial infarction and/or coronary angioplasty/coronary artery bypass surgery.

Primary and secondary outcomes
------------------------------

Major procedural complications occurring within 48 hours of the last procedure related to CT or coronary angiography were uncommon (0.3%) and similar across groups (table 2[](#tbl2){ref-type="table"}). In general, both CT and coronary angiography were safe procedures with no deaths or strokes. Only one myocardial infarction occurred in the CT group after percutaneous coronary intervention (table 2[](#tbl2){ref-type="table"}). Minor procedural complications were less common in the CT group than coronary angiography group (3.6% *v* 10.5%, P=0.014; table 2[](#tbl2){ref-type="table"}). Most of the 23 minor procedural complications were related to the puncture site of coronary angiography (haematoma or secondary bleedings) and only two were consequences of CT (table 2[](#tbl2){ref-type="table"}). Cardiac CT compared with direct coronary angiography, reduced the need for coronary angiography from 100% to 14% (95% confidence interval 9% to 20%, P\<0.001) and was associated with a significantly greater diagnostic yield of coronary angiography, defined as the proportion of coronary angiographies showing obstructive coronary artery disease (75% *v* 15%, P\<0.001; table 2[](#tbl2){ref-type="table"}). Also, the proportion of coronary angiographies associated with revascularisation of obstructive coronary artery disease was significantly larger in the CT group than coronary angiography group (67% *v* 14%, P\<0.001; table 2[](#tbl2){ref-type="table"}).

###### 

Study outcomes in patients with an intermediate probability of coronary artery disease assigned to computed tomography or coronary angiography. Values are numbers (percentages) unless stated otherwise\*

  Outcomes                                                                                                                                        Computed tomography (n=167)   Coronary angiography (n=162)   P value
  ----------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------- ------------------------------ ---------
  Major procedural complications†:                                                                                                                1 (0.6)                       0 (0)                          1.00
   Myocardial infarction                                                                                                                          1 (0.6)                       0 (0)                          1.00
   Death                                                                                                                                          0 (0)                         0 (0)                          
   Stroke                                                                                                                                         0 (0)                         0 (0)                          
   Other complications prolonging hospital stay by at least 24 hours                                                                              0 (0)                         0 (0)                          
  Minor procedural complications‡:                                                                                                                6 (3.6)                       17 (10.5)                      0.014
   Haematoma at puncture site                                                                                                                     1 (0.6)                       14 (8.6)                       \<0.001
   Secondary bleeding at puncture site                                                                                                            1 (0.6)                       1 (0.6)                        1.00
   Bradycardia                                                                                                                                    2 (1.2)                       0 (0)                          0.50
   Angina without infarction                                                                                                                      1 (0.6)                       0 (0)                          1.00
   Allergoid reaction to contrast agent                                                                                                           1 (0.6)                       0 (0)                          1.00
   Stent migration                                                                                                                                0 (0)                         1 (0.6)                        0.49
   Hypotension requiring treatment                                                                                                                0 (0)                         1 (0.6)                        0.49
  No (%) of invasive coronary angiographies performed                                                                                             24 (14)                       162 (100)                      \<0.001
  No/total No (%) of invasive angiographies with obstructive coronary artery disease                                                              18/24 (75)                    25/162 (15)                    \<0.001
  No/total No (%) of invasive angiographies associated with interventional or surgical revascularisation of obstructive coronary artery disease   16/24 (67)                    23/162 (14)                    \<0.001
  Median (interquartile range) length of stay (hours)                                                                                             30.0 (3.5-77.3)               52.9 (49.5-76.4)               \<0.001
  Median (interquartile range) radiation exposure (mSv)§                                                                                          5.0 (4.2-8.7)                 6.4 (3.4-10.7)                 0.45
  No (%) of any event at long term follow-up¶:                                                                                                    7 (4.2)                       6 (3.7)                        0.86
   Myocardial infarction                                                                                                                          1 (0.6)                       0 (0)                          
   Cardiac death                                                                                                                                  0 (0)                         1 (0.6)                        
   Stroke                                                                                                                                         0 (0)                         1 (0.6)                        
   Unstable angina pectoris                                                                                                                       2 (1.2)                       0 (0)                          
   Re-revascularisation or first revascularisation                                                                                                6 (3.6)                       5 (3.1)                        0.84

\*Proportions might not add to 100% owing to rounding.

†Single procedure related myocardial infarction occurred after percutaneous coronary intervention in computed tomography (CT) group: during primary stent implantation, a dissection of the left anterior descending coronary artery occurred, leading to implantation of a second stent with over-stenting of a side branch. The patient developed mild angina, ST segment elevation of 0.1 mV in I, II, V2, and V5 and ST segment elevation of 0.2 mV in V3 and V4 occurred together with an increase in troponin T to 0.4 µg/L (reference \<0.03) and an increase in creatine kinase-MB to 31 U/L (reference \<24) consistent with myocardial infarction.[@ref36]

‡Of 23 minor procedural complications, six occurred in the CT group and 17 in the coronary angiography group (P=0.014). Of the minor procedural complications in the CT group, four occurred after coronary angiography and two after CT. Haematoma at the puncture site was not associated with access (femoral *v* radial, P=0.782) and was not significantly reduced by use of a vascular closure device in this non-randomised comparison (P=0.06). Femoral access was most common (175 of the 186 patients who finally underwent coronary angiography) and radial access was used in the remaining 11 patients. Complications after CT included one allergoid reaction to contrast agent with pruritus and skin rash, which was successfully treated with prednisone and H1 antihistamine, and bradycardia with hypotension after β blockade for CT, which was treated with saline infusion.

§Overall median radiation dose included coronary angiographies and revascularisations in both groups.

¶Hazards ratios for any event and revascularisation were 0.90 (95% confidence interval 0.30 to 2.69) and 0.89 (0.27 to 2.90), respectively. For small number events no P values and hazards ratios of Cox model are given.

Length of stay and radiation exposure
-------------------------------------

Cardiac CT shortened the median length of stay in the coronary angiography group from 52.9 hours (interquartile range 49.5-76.4) to 30.0 hours (3.5-77.3, P\<0.001; fig 2[](#f2){ref-type="fig"}). In the group of inpatients at the time of randomisation, the length of stay was not significantly reduced by CT (60.3 hours; interquartile range 32.6-98.5 *v* 68.0 hours; 50.2-105.8, P=0.12). Overall median exposure to radiation, including coronary angiography and revascularisations, was similar between the CT group (5.0 mSv; interquartile range 4.2-8.7) and coronary angiography group (6.4 mSv; 3.4-10.7, P=0.45; fig 3[](#f3){ref-type="fig"}). Also, the distribution of radiation exposure was right skewed in both groups (see supplementary figure 1 in appendix B). Adding percutaneous coronary intervention to coronary angiography led to a significantly increased median effective radiation dose (see supplementary figure 2 in appendix B).

![**Fig 2** Length of stay and proportion of patients discharged. Computed tomography (CT) shortened median length of stay from 52.9 hours in coronary angiography group (interquartile range 49.5-76.4) to 30.0 hours (3.5-77.3, P\<0.001). Because coronary angiography in Germany is mostly done after hospital admission, patients in our study were mostly in hospital. Of the 167 patients in the CT group, 64 (38%) were managed on an outpatient basis, 11 (7%) had outpatient CT but were admitted to hospital for suspected coronary artery disease, and 92 (55%) were randomised after hospital admission for clinically indicated coronary angiography](dewm033661.f2_default){#f2}

![**Fig 3** Exposure to radiation in computed tomography (CT) and invasive coronary angiography group. Box plots of radiation dose in both groups are shown. Median overall radiation exposure, including invasive angiographies and revascularisations, was similar between the CT group (5.0 mSv; interquartile range 4.2-8.7) and coronary angiography group (6.4 mSv; 3.4-10.7, P=0.45). The dose for left ventriculography, which was done in 19 of the 24 patients who underwent coronary angiography in the CT group (79%) and in 141 of the 162 patients in the coronary angiography (87%), was included in the radiation exposure of the respective group](dewm033661.f3_default){#f3}

Reduction in need for coronary angiography over time
----------------------------------------------------

The reduction in need for coronary angiography in the CT group did not decline over time (fig 4[](#f4){ref-type="fig"}), and there was a significantly lower rate of coronary angiographies per patient during the first six months after randomisation to the CT group compared with the coronary angiography group (0.25 *v* 1.1, P\<0.001). The cumulative relative risk adjusted for observation time for coronary angiography in the coronary angiography versus CT group was 4.2 (95% confidence interval 3.0 to 5.8, P\<0.001) in the first six months and 3.1 (2.3 to 4.0, P\<0.001) for the entire observation period. In the second six months after randomisation, the rate of coronary angiographies per patient did not differ between the CT group and coronary angiography group (0.027 *v* 0.013; fig 4[](#f4){ref-type="fig"}, relative risk 0.78, P=0.74), and from the second year of observation the relative risk was 0.81 (P=0.56).

![**Fig 4** Need for invasive coronary angiography over time. The rate of coronary angiographies was significantly lower per patient during the first six months after randomisation to the computed tomography (CT) group (A) compared with coronary angiography group (0.25 *v* 1.1; B, P\<0.001). In the 6-12 months after randomisation, the proportion of patients undergoing coronary angiography was the same between the groups (P=0.74)](dewm033661.f4_default){#f4}

Long term clinical outcomes
---------------------------

After a median follow-up of 3.3 years (interquartile range 1.3-4.6 years), MACE had occurred in seven of 167 patients in the CT group (4.2%) and six of 162 (3.7%) in the coronary angiography group (adjusted hazard ratio 0.90, 95% confidence interval 0.30 to 2.69, P=0.86). First revascularisation and re-revascularisation, at least two months after randomisation, occurred in six of 167 patients in the CT group (3.6%) and five of 162 (3.1%) in the coronary angiography group (adjusted hazard ratio 0.89, 0.27 to 2.90, P=0.84; table 2[](#tbl2){ref-type="table"}).

Patients' acceptance and preference
-----------------------------------

Overall, 292 of the 329 patients (89%) answered at least one question in the acceptance questionnaire. Approximately 79% of patients (219 of 278) stated that they would prefer CT for subsequent testing, whereas significantly fewer patients indicated preference for coronary angiography (7%; 20 patients, P\<0.001). Of the 20 patients who preferred coronary angiography, 18 underwent the procedure (17 without and one with percutaneous intervention) and two underwent CT. Preference for CT was higher in patients in the CT group (87%; 127 of 146 patients) than in those in the coronary angiography group (70%; 92 of 132 patients, P\<0.001). Most patients who preferred CT did so because they would prefer non-invasive testing in the future (n=79; 36%), and the implementation of this non-invasive testing should ideally result in a short examination time without the need for hospital admission (n=22; 10%). Among patients who preferred coronary angiography, 30% (n=6) did so because it is the established diagnostic procedure, and mostly because it enables subsequent minimally invasive treatment (n=5; 25%).

Discussion
==========

In this randomised study on the risks and benefits of a non-invasive versus invasive diagnostic test, patients with a clinical indication for coronary angiography because of atypical angina or chest pain suggestive of coronary artery disease were randomised to computed tomography (CT) or coronary angiography. The study addressed the important clinical question of whether invasive coronary angiography or CT should be performed in patients with a clinical indication for coronary angiography because of an intermediate probability of coronary artery disease. CT was found to be a safe gatekeeper for invasive coronary angiography, with no increase in long term events, and patients in the CT group had fewer minor but not major procedural complications compared with those who underwent direct coronary angiography. CT was associated with a five times greater diagnostic yield of coronary angiography in the CT group, defined as the proportion of coronary angiographies showing obstructive coronary artery disease, and reduced the need for invasive coronary angiography by sevenfold indicating the potential to reduce overuse of invasive procedures.[@ref37] [@ref38] The length of stay was significantly shortened with CT, whereas exposure to radiation was similar between the groups. Patient acceptance of non-invasive CT was better than acceptance of coronary angiography.

Clinical context
----------------

The significantly shorter length of stay in the CT group might help reduce costs when CT is used in properly selected patients with atypical presentation.[@ref39] [@ref40] Detailed analysis using data from the current and other randomised controlled trials[@ref9] [@ref11] [@ref12] [@ref41] could allow estimation of the relative cost effectiveness of CT versus invasive anatomical or functional tests for specific patient groups.[@ref42] [@ref43] [@ref44] CT resulted in a similar radiation dose in the CT group and coronary angiography group. Personalised adjustment of X-ray tube output to individual patient sizes, and novel model based iterative reconstruction might further reduce the radiation dose of CT.[@ref45] In our study, overall radiation dose was reduced by individual adjustment of anatomical coverage of CT angiography using previous coronary calcium scanning.[@ref26] [@ref27] The recent CRESCENT (Computed Tomography vs. Exercise Testing in Suspected Coronary Artery Disease) trial used a zero calcium score to exclude coronary artery disease and defer CT angiography,[@ref12] and our findings confirm the potential of this approach as only one of 71 patients with a zero calcium score had obstructive coronary artery disease (see supplementary table 2 in appendix B). Performing diagnostic tests also has psychologically mediated effects. In a randomised study, the investigators showed that even tests with no diagnostic value can reduce short term disability and increase satisfaction.[@ref46] Although the two tests performed in our study have diagnostic value, it is still likely that patients' expectations influence disability and preference, whereas procedural complications and events are unlikely to be affected. Importantly, more than three quarters of our patients indicated a preference for CT over coronary angiography for future imaging which, according to their assessment, should ideally be performed non-invasively, over a short period, and in an outpatient setting.

Implementation issues
---------------------

CT is an accurate non-invasive alternative to coronary angiography. Its conduct is well standardised in guidelines[@ref47] [@ref48] [@ref49] and based on an international survey,[@ref50] and thus there is no barrier to implementation. However, easier access to CT might result in lower thresholds for non-invasive than for invasive imaging and could thereby increase subsequent invasive procedures. This undesired effect can be avoided if cardiac CT is carefully implemented and used in the right patients and at the right time.[@ref51] Identifying the right patients is not trivial in routine practice, and our study showed that clinical approaches to estimate pretest probability[@ref17] relevantly overestimate the true prevalence of coronary artery disease in patients with atypical angina or chest pain clinically referred for invasive coronary angiography. Therefore, optimised tools for predicting the probability of obstructive coronary artery disease are clinically desired.

Strengths and limitations of this study
---------------------------------------

This study was conducted at a single centre and thus the performance of CT may be different when conducted in routine clinical practice. Importantly, despite standardised implementation of CT technology in routine clinical practice,[@ref50] gaining sufficient expertise in cardiac CT takes at least 12 months.[@ref52] [@ref53] We are currently scaling up the study in a multicentric fashion in the DISCHARGE trial, and results are expected in 2020. The actual prevalence and revascularisation rates in the study were lower than assumed, resulting in largely overestimated rates for major procedural complications and an underpowered study for the predefined primary outcome, making the study inconclusive in this regard. In accordance with guidelines, most patients with suspected coronary artery disease referred for coronary angiography have typical presentation.[@ref1] [@ref23] This resulted in a long recruitment period of patients with atypical angina or chest pain referred for coronary angiography and in the interim might have resulted in changes to practice. In our population with atypical angina, no patient had more than 50% transmural extent of non-viable myocardial tissue on late enhancement magnetic resonance imaging, which thus did not result in changes to management. Coronary angiography can be performed on an outpatient basis with shorter length of stay but testing this was not feasible in our university hospital setting, where also CT was mainly done after patients had been admitted. To counterbalance this, in the calculation for length of stay we included time needed for any outpatient CT.

Comparison with other studies
-----------------------------

Our study shows that cardiac CT is a safe test to rule out coronary artery disease in patients with atypical angina or chest pain and that invasive coronary angiography is a safe procedure in patients with atypical presentation with an increase only in minor procedural complications, which is in line with a study in 61 patients.[@ref54] Importantly, CT increased the diagnostic yield of coronary angiography by a factor of five, indicating the potential to improve utilisation of resources. The diagnostic yield of 75% for coronary angiography in the CT group was similar to that in the National Cardiovascular Data Registry and higher than reported for functional tests (approximately 45%).[@ref55] CT may thus be able to act as an effective gatekeeper to the catheterisation laboratory[@ref56] and increase the reported low diagnostic yield of coronary angiography.[@ref2] Greater doctor confidence in CT findings was reported in the SCOT-Heart trial, which compared CT with standard of care including functional tests.[@ref11] Our study adds to this by showing low true positive and high true negative rates of functional tests performed within six months before randomisation. Thus, CT might be able to replace functional testing in certain patients. Our prospective study also adds to these findings by showing a reduction of unnecessary invasive coronary angiographies by CT in patients with atypical presentation referred for coronary angiography.

Conclusion
----------

The search is ongoing for a gatekeeper that will reliably exclude normal invasive coronary angiography. This randomised trial showed that in patients with atypical symptoms suggestive of coronary artery disease requiring coronary angiography, CT safely deferred invasive coronary angiography with no increase in long term events, reduced minor but not major procedural complications compared with direct coronary angiography, and shortened the length of hospital stay. CT was associated with reduced coronary angiography rates and increased the diagnostic yield of this procedure but did not reduce exposure to radiation. More patients preferred the coronary CT first approach.

### What is already known on this topic

1.  Computed tomography (CT) is an accurate non-invasive alternative to invasive coronary angiography

2.  The risks and advantages of CT in patients with suspected coronary artery disease owing to atypical chest pain and a clinical indication for coronary angiography are unknown

### What this study adds

1.  In patients with atypical angina or chest pain suggestive of coronary artery disease, CT reduced minor but not major procedural complications compared with direct coronary angiography

2.  The length of hospital stay was shortened by 22.9 hours using CT instead of coronary angiography whereas exposure to radiation was similar

3.  CT resulted in a significantly increased diagnostic yield of coronary angiography, defined as the rate of obstructive coronary artery disease (75% *v* 15%), and was a safe gatekeeper for coronary angiography with no increase in long term events
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